ABSTRACT. The genus Colletotrichum contains many important plant pathogens mainly distributed in tropical areas. Previous studies that utilized morphology or single genes have failed to resolve the phylogenetic relationships among the species. In this study, sequences of β-tubulin, 28S ribosomal DNA, and ITS region from nine species were analyzed separately and combined to establish a fast method to infer the phylogeny of Colletotrichum using maximum parsimony, maximum likelihood, and Bayesian inference methods. The tree topologies inferred from the combined data set received higher bootstrap and posterior probability support than those inferred from the individual data sets. Obtained phylogenies highly supported C. capsici as the earliest diverging lineage followed by C. nymphaeae. The remaining seven species clustered into two distinct clades. Clade 1 consists of two monophyletic subclades: C. circinans, C. trichellum, and C. caudatum form one subclade and three accessions of C. dematium form another (2015) subclade. In Clade 2, C. incarnatum is in the basal-most clade. Three accessions of C. musae and C. caricae form a strongly supported clade indicating their close relationship. Spore shape analysis reveals an interesting evolutionary trend in the spore shape from acute-to obtuseended conidia and from curved to straight conidia in the sampled group of species. A quick and reliable way to infer the phylogeny of Colletotrichum based on combined DNA sequence data is presented in this paper.
INTRODUCTION
The genus Colletotrichum belongs to the family Glomerellaceae (Sordariomycetes, Pezizomycotina, Ascomycota), which includes some of the most important plant pathogens worldwide, causes economically significant diseases in a wide range of hosts, including cereals, legumes, vegetables, perennial crops, and fruits (Moriwaki et al., 2002; Than et al., 2008; Manamgoda et al., 2013) . Although mostly located in the tropics, it has a worldwide distribution (Wharton et al., 2001; Wharton and Diéguez-Uribeondo, 2004; Hyde et al., 2009; Prihastuti et al., 2010) . Colletotrichum was first described by Tode in 1790 under the name Vermicularia but was later established as Colletotrichum by Corda in 1837 (Wharton et al., 2001; Moriwaki et al., 2002) . Despite the original description and excellent illustrations provided by Corda, the genus has been described under several different names such as Blennorella and Gloeosporium. The names Colletotrichum and Blennorella were used interchangeably for several centuries for a range of species now accepted in the genus Colletotrichum (Sutton, 1992) .
Traditionally, identification of Colletotrichum species has been based on morphological characters, such as size and shape of conidia and appressoria, existence of setae, the host origin, the teleomorph state, and cultural characteristics (von Arx, 1957; Smith and Black, 1990; Than et al., 2008; Peng et al., 2012 Peng et al., , 2013 . These characters were used to assign more than 750 Colletotrichum species to 11 species, with many taxa treated as synonyms of C. gloeosporioides and C. dematium (von Arx, 1957; Cai et al., 2009; Moura et al., 2014) .
Many problems associated with the taxonomy of Colletotrichum species and their evolutionary relationships remain unresolved (Sreenivasaprasad and Talhinhas, 2005; Than et al., 2008) . However, molecular biology provides new methods that can be utilized for species delimitation and defining of inter-and intraspecific relationships (Bruns et al., 1991; Lee et al., 2007) . The most significant advances in phylogeny have been obtained from approaches based on the analysis of DNA and random amplified polymorphic DNA sequences as well as restriction fragment length polymorphism since the molecular data are not directly influenced by environmental factors (Welsh and McClelland, 1990; Williams et al., 1990; Faisal et al., 2013) .
Most fungal phylogenetic studies utilized sequences from the ribosomal gene cluster, and the ribosomal DNA (rDNA) data of Colletotrichum species have been used to infer their phylogenetic relationships and for preliminarily identification (Sherriff et al., 1994; Cai et al., 2009) . In particular, internal transcribed spacer (ITS) sequences have been proven to be useful in studying phylogenetic relationships of Colletotrichum species because of their comparative variability (Sherriff et al., 1994; Sreenivasaprasad et al., 1994 Sreenivasaprasad et al., , 1996 Moriwaki et al., 2002; Photita et al., 2005) , and sequence analysis of β-tubulin gene was used to resolve phylogenetic relationships among Colletotrichum species complexes (Sreenivasaprasad and Talhinhas, 2005; Lee et al., 2007; Peng et al., 2013) . Other gene fragments such as introns have also been utilized to evaluate the diversity of this genus (Guerber et al., 2003; Peres et al., 2008) .
In the present paper, we assessed the interspecific relationships among nine species of Colletotrichum collected from different countries using sequences of β-tubulin and 28S rDNA genes and the ITS region. The objectives of this research were: 1) to identify a quick method to infer the phylogenetic relationships in the genus; 2) to provide a reliable phylogenetic framework for nine species of Colletotrichum; and 3) to explore the implications of the molecular phylogeny and explore the evolutionary trend of the conidia in Colletotrichum, which provide a foundation for accurate diagnosis of pathogens and development of appropriate disease management.
MATERIAL AND METHODS
Different strains of nine species of Colletotrichum were collected from eight countries from different parts of the world (Table 1) . Cultures were transferred aseptically to a potato dextrose agar (PDA) (Oxoid Ltd., Hampshire, UK) and incubated at 25°C (Than et al., 2008) . Morphological characters of the cultures were examined under a compound microscope (Nikon 80i, Tokyo, Japan) and three subcultures from each isolate were prepared and used in subsequent analysis. Detailed information of the strains is shown in 
DNA extraction
Each isolate was grown on PDA for 7-10 days at 25°C. Mycelium was scraped from the surface of the culture plate and used for DNA extraction. Total DNA was extracted using a Biospin Kit (Bioer Technology Co., Ltd., Hangzhou, China) according to the manufacturer protocol. DNA extracts were preserved at -20°C until their use.
PCR and sequencing
Amplification reactions were performed in a final volume of 50 μL containing 25 ng DNA, 5 μL 10X PCR buffer (Invitrogen, Carlsbad, CA, USA), 2.5 mM MgCl 2 , 0.5 mM dNTPs, 1 mM of each primer, 1 U Taq polymerase (Promega, Madison, WI, USA), and 29 μL ultrapure sterile water. The primers used for amplification and their sequences are listed in DNA amplifications were carried out in a Bio-RAD MyCycler thermal cycler (Hercules, CA, USA) using different thermal regime for different regions. Amplification of β-tubulin sequences consisted of initial denaturation at 95°C for 4 min, 35 cycles of denaturation at 64°C for 1 min, annealing at 72°C for 2 min, and extension at 72°C for 7 min, and ended by cooling at 4°C. Amplification cycles of 28S rDNA consisted of one cycle of initial denaturation at 94°C for 1 min, 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1min, and extension and 72°C for 1 min, followed by a final step at 72°C for 3 min. The ITS regions were amplified using the following cycle conditions: initial denaturation at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 50 s, followed by one cycle at 72°C of 7 min. PCR products were purified with a QIAquick PCR purification Kit (Qiagen, Valencia, CA, USA). Sequencing of both strands was carried out on a CEQ2000XL automated sequencer (Beckman Coulter, Inc., Fullerton, CA, USA) with the same primers used for amplification. The resulting sequences were assembled using Bioedit version 7.0.5.3 (Hall, 1999) and deposited in GenBank (accession No. GQ369588-GQ379701) (Table 3) .
Phylogenetic analyses
Alignments of the individual data matrices were generated using similarity index calculated at the nucleotide level with ClustalW version 1.81 implemented in the Lasergene DNAstar software package (Thompson et al., 1997) . The data sets were subjected to Bayesian phylogenetic inference, maximum likelihood (ML) analysis, and equal weights parsimony (MP) analyses to estimate the tree topology. For Bayesian inference, metropolis-coupled Markov Chain Monte Carlo simulations were carried out with MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001 ) to estimate the posterior probability distributions of the tree topologies. The best evolutionary models for ML analyses were generated using hierarchical likelihood ratio test estimated by Modeltest 3.06 (Posada and Crandall, 1998) . Statistical support for each node was evaluated by bootstrap analysis (Felsenstein, 1985) . Parsimony analyses were conducted in the PAUP 4.0b software (Swofford, 2001 ) using heuristic search algorithm (Hillis et al., 1996) with 1000 replicates of random-addition-sequence (Wu et al., 2011 (Wu et al., , 2014 . The resulting trees were rooted using outgroup taxon. Tree visualization and drawing were carried out in TreeView version 1.5.2 (Page, 1996) .
RESULTS

Characteristics of colonies cultured on PDA
The differences in growth speed in various Colletotrichum isolates were evident after 7 days of culture at 25°C (Figure 1 ). At this temperature, all isolates were clearly differentiated into two main types. The first type comprised the slow growing C. nymphaeae, C. incarnatum, and C. trichellum (the colonies were less than 5 cm in diameter). The other type included the fast growing C. circinans as well as the isolates of C. musae, C. dematium, C. capsici, C. caudatum, and C. caricae (the colonies were more than 5 cm in diameter). Colony characteristics revealed a wide range of variation between different isolates even in the same species (Figure 1 ). All isolates could be separated into two groups. One group was characterized by upper side white, grey, and orange, cottony, and zonate and reverse side cream, yellow, or orange; some isolates were darker in the center (6636; 10,655) or contained black spots (10,858; 10,378) . The other group was characterized by upper side olive-green, white, and gray, felty; reverse side cream, yellow-black, or gray-olive, mostly zonate, and darker in the center (10,400; 10,403; 10,375; 10,372; 10,448) or having black spots (10,853; 10,854; 10,732; 10,742) . Morphological characters of the species are summarized in Table 3 .
Molecular data sets
The data set of aligned β-tubulin sequences was 739 bp long, of which 363 (49.1%) sites were variable and 198 (26.8%) sites were parsimony informative. The aligned ITS sequences were 699 bp long, of which 294 (42.1%) sites were variable and 63 (9.0%) sites were parsimony informative. The average genetic (Tamura-Nei) distance within the in-group taxa was 44.1% for β-tubulin and 16.8% for ITS data sets. There was no excess of AT residues in β-tubulin (46.7%) data set, whereas the genomic base composition was nearly balanced in the ITS (47.8%) data set. The mean transition-to-transversion ratio (ti/tv ratio) was 1.09 and 1.29 for β-tubulin and ITS sequences, respectively.
In the 253-bp-long 28S rDNA data set, 17 (6.7%) sites were variable and 11 (4.35%) sites were parsimony-informative. The average genetic distance between in-group taxa was 3.2%. The genomic base composition was slightly GC-rich (40.7%) and the mean ti/tv ratio was 1.40. Table 4 shows sequence characteristics of the three datasets independently and combined. Comparison of the four data sets revealed that β-tubulin sequences had the largest proportions of variable and informative sites and higher Tamura-Nei distance (2.82-fold) than the other data sets. Sequences of the 28S rDNA region showed the lowest percentage of variable and informative sites, although the mean ti/tv ratio was higher than in other two sequenced regions. In addition, the sequence divergence estimate was larger in ITS than in 28S rDNA. *Pi = parisimony informative site; ti/tv = mean transition-to-transversion ratio. Grey with black spot, felty, edge smooth, reverse yellow, darker at center GQ369612 GQ379694 GQ369598 11 C. nymphaeae White, cottony, reverse cream, zonate, darker at center GQ369607 GQ379697 GQ369599 12 C. incarnatum Grey, felty, superficial, reverse cream, zonate, darker at center GQ369606 GQ379689 GQ369600 13 C. caricae Grey with white, felty, superficial, reverse cream, zonate GQ369605 GQ379698 GQ369601 Table 3 . Morphological characters and GenBank accession Nos. of Colletotrichum isolates used in the study.
Phylogenetic analysis
The difference in the genetic base composition between the sequences of the three regions is reflected in the evolutionary models found to best fit each data set. Thus, the simple HKY and SYM models were chosen for the nearly balanced genetic base composition of β-tubulin and ITS data sets, whereas somewhat more complex GRT model was chosen for the 28S rDNA dataset. The majority rule consensus tree from the combined Bayesian analyses is presented in Figure 2 . From all trees generated from molecular data used three different analysis strategies. The MP, ML, and Bayesian analyses of the three dataset produced nearly identical tree topologies; they differed in bootstrap support (BS) values for some of the branches. The trees inferred from the combined dataset resolved C. capsici as the earliest diverging lineage followed by C. nymphaeae with high support (Bayesian posterior probability [PP] = 1; MP BS = 100%; ML BS = 64%). The remaining seven species formed two distinct clades. Clade 1 comprises two monophyletic clades; one includes C. circinans, C. trichellum, and C. caudatum, and the other three strains of C. dematium (PP = 1; MP BS = 93%; ML BS = 85%). Clade 2 includes the basal C. incarnatum and a monophyletic clade comprised of three strains of C. musae and C. caricae (Figure 2) . 
DISCUSSION
Which DNA sequence data is prior to phylogenetic analysis in the genus Colletotrichum?
Forty four strains of Colletotrichum from various areas in Korea were divided into three genotypes, C. gloeosporioides, C. psidii, and C. acutatum, using different molecular markers. Among these markers, sequences of the protein coding gene β-tubulin have been used to differentiate strains and species of Colletotrichum (O'Donnell et al., 1998; Lee et al., 2007) and to carry out phylogenetic analyses of the C. acutatum species complex (Sreenivasaprasad and Talhinhas, 2005) . Thus, apple and pepper strains of C. acutatum were resolved in two clades based on β-tubulin sequence data (Lee et al., 2007) . The sequences of β-tubulin are 3.5-fold more informative than mitochondrial small subunit ribosomal RNA sequences and therefore have been proposed as a suitable marker for studying close relationships in Fusarium (O'Donnell et al. 1998) . In the present study, the phylogenetic relationships between nine species complexes of Colletotrichum were not clearly resolved by using β-tubulin sequence data although the sequences had the highest percentage (26.8%) of parsimony-informative sites (Table 4 ). The clade containing C. incarnatum and C. nymphaeae did not receive the same support in Bayesian and MP analyses and was unresolved in ML analysis. Furthermore, the positions of C. circinans and C. trichellum remained unresolved in the phylogenetic tree inferred from the β-tubulin dataset (Figure 3) . Several recent publications have reported on the use of rDNA sequence data in species delimitation in Colletotrichum (Sherriff et al., 1994; Crouch and Beirn, 2009 ). The analysis of sequence data from the D2 region of the large subunit rDNA resolved 16 distinct groups among the New Zealand fruit-rotting isolates including the accepted species C. coccodes, C. musae, C. orbiculare, C. acutatum, and C. gloeosporioides, which were separated into four broad groups, whereas the relationships of C. coccodes remained unresolved (Sherriff et al., 1994; Crouch and Beirn, 2009 ). The rDNA sequence data were unable to resolve the apparently stable morphological and cultural subgroups recognized within the sequenced groups (Johnston and Jones, 1997) . However, Sherriff et al. (1994) showed that D2 region of the rDNA provided sufficient variation to discriminate between the groups of Colletotrichum defined by the combined D1 and D2 regions. In the present study, the relationship between three accessions of C. dematium, C. capsici, and C. caudatum remained unresolved, and the clade with C. circinans and C. trichellum was weakly supported in topologies based on the 28S rDNA dataset. These results indicate that rDNA sequences alone are not suitable for phylogenetic studies in the genus Colletotrichum (Figure 4) . ITS sequence alone should not be used to infer evolutionary relationships in the genus Colletotrichum, nor should they be employed to describe novel Colletotrichum taxa. It is well established that the ITS sequences often generate poorly supported, unresolved phylogenetic trees in the genus, particularly when distant taxa are sampled (Crouch and Beirn, 2009) . In the present study, in the phylogenetic tree inferred from the ITS sequence dataset, three strains of C. musae remained uresolved, whereas C. capsici and C. nymphaeae formed a monophyletic, strongly supported group (MP BS = 100%), indicating that the latter two species exhibited high sequence identity in the ITS region. Furthermore, the support of many branches was below 70% and the topology was poorly resolved (Figure 5 ). Similar to the topology inferred from β-tubulin and ITS sequences, the combined sequence data supported C. capsici as the most basal and thus the earliest diverging lineage. The clade containing C. circinans, C. caudatum, and C. trichellum was recovered in the Bayesian, ML, and MP analyses of the combined dataset, whereas this clade was not resolved in any of the topologies inferred from the single datasets. The bootstrap supports of each node in the phylogenetic trees were higher in Bayesian, MP, and ML analysis of the combined dataset (Figure 2) . The results obtained herein suggest that the inter-species relationship of Colletotrichum are better resolved by the combined β-tubulin, ITS, and 28S rRNA sequence data than by the individual sequence dataset.
Phylogeny
C. capsici and C. dematium have often been confused because both species produce similar falcate conidia and are isolated from many types of plants (Moriwaki et al., 2002; Sutton, 1992) . However, C. capsici and C. dematium are clearly divergent lineages as supported by the tree sequence datasets. β-Tubulin, ITS, and combined datasets highly supported the basal position of C. capsici in the tree topologies (PP =1; ML BS = 100%; ML BS = 100%), indicating that C. capsici is the most primitive member of the nine species of Colletotrichum.
β-tublin-, ITS-, and 28S rDNA-inferred tree topologies support the sister relationship of C. nymphaeae and C. incarnatum, while C. nymphaeae is sister to C. capsici in the phylogeny. In contrast, C. incarnatum was sister to C. musae albeit with low support in all tree topologies inferred from the combined datasets using the three algorithms (PP = 0.85; MP BS = 70%; ML BS = 64%), suggesting their close relationship (Figure 2 ). The positions of the latter two species remain unresolved.
The analyses of the combined ITS and 28S rDNA D2 sequence data resolved C. circinans closely related to C. trichellum and both only distantly related to C. caudatum (Moriwaki et al., 2002) . In the present study, C. circinans and C. trichellum formed a weakly supported clade based on 28S rDNA sequence data, while C. circinans was resolved sister to C. caudatum in the ITS-inferred tree topology. The analyses of β-tubulin sequences did not resolve any of the two sister relationships, whereas in the topologies inferred from the combined dataset, C. circinans, C. trichellum, and C. caudatum formed a monophyletic clade, which was sister to the three populations of C. dematium with high support (PP = 1; MP BS = 93%; ML BS = 85%).
In the phylogenetic trees based on combined sequence data, C. caricae and three strains of C. musae formed a clade that received high support (PP = 1; MP BS = 100%; ML BS = 100%), suggesting their close relationship. Among the three strains of C. musae, two of which originate from Mae Taeng, Thailand (Table 1) formed a clade, whereas strain A originating from Hongkong was sister to C. caricae in all tree topologies. The two species have a more derived position on the tree topologies inferred from β-tubulin and combined sequence data, indicating that they are the youngest members among the nine species.
The spore shape revealed some interesting trends in different species. Thus, the spores of C. acutatum isolated from Lupinus spp and other hosts had obtuse ends (in 0 to 28% of spores), one obtuse and one acute end (in 40 to 100% of spores) and acute ends (in 0 to 60% of spores), while the spores of C. gloeosporioides isolates have obtuse ends (in 68 to 100% of spores) (Talhinhas et al., 2002) . The isolates (236) comprising 25 species of Colletotrichum in Japan were separated into three phylogenetic groups (PG): PG1 produces conidia with an acute end, PG2 produces conidia with an obtuse end, and PG3 of C. theae-sinensis has small conidia. The evolutionary trend of the conidial shape is toward small conidia, and from conidia with obtuse ends toward conidia with acute ends (Moriwaki et al., 2002) .
In the present study, Colletotrichum species produced visible spores in multiple shapes, except C. circinans and C. capsici, these two species produced only one shape. Mass fusiform spores of C. dematium usually have both ends acute with one side curved (Figure 2) , and conidia of C. caricae and C. caudatum are mostly falcate with acute ends. Ovoid conidia are always found in C. nymphaeae and C. incarnatum with obtuse ends, while fusiform spores of C. trichellum and C. musae have both ends acute but the conidia are not curved (Figure 2) . Based on the phylogeny inferred from the combined dataset, the species with acute ends and curved conidia such as C. caricae, C. dematium, C. caudatum, and C. trichellum are mostly with the most divergent position in the phylogenetic tree, whereas the species with obtuse ends and straight conidia such as C. musae, C. nymphaeae, and C. incarnatum are resolved basal to the rest of the species and thus represent the primitive species of Colletotrichum. These results suggest that the evolutionary direction of the spore shape is from conidia with obtuse ends to conidia with acute ends and from straight to curved conidia. As for the spore size, there does not appear to be a clear evolutionary trend. Further analyses that will include additional species are necessary to confirm the evolutionary trends in the genus Colletotrichum.
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